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ABSTRACT. A diminutive eudimorphodontid ptero- 
saur, from the Late Triassic Fleming Fjord Formation 
of East Greenland, possesses relatively short wings, 
short ulnae and tibiae, and long metatarsals. The new 
species, smaller than any known individual of Eudi- 
morphodon, is unique among known pterosaurs in 
having proximal limb segments (humerus, ulna, fe- 
mur, tibia) of nearly equal length. Although the 
Greenlandic pterosaur is probably a juvenile, as in- 
dicated primarily by the lack of synostosis of axial and 
limb girdle components, the appendicular propor- 
tions of the specimen are too different from those in 
other known pterosaurian taxa to be accounted for 
solely by immaturity. The bicondylar fourth metacar- 
pophalangeal joint, in which the dorsal condyle has a 
larger radius of curvature and a more extensive artic- 
ular surface than the ventral condyle, appears to be 
intermediate between a primitive unicondylar joint 
and the asymmetric trochlea common among ptero- 
saurs. This spectrum of joint configurations repre- 
sents increasing mechanical stability, consonant with 
the interpretation that the mechanism evolved among 
basal pterosaurs to accommodate wing folding during 
the upstroke in flapping flight. 


INTRODUCTION 


The earliest well-documented records 
of pterosaurs are from Late Triassic (No- 
rian) deposits in Italy. Eudimorphodon 
ranzii, first described from a single, nearly 
complete skeleton from the Zorzino lime- 
stones (Middle to Upper Norian) near 
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Bergamo (Zambelli, 1973), is now known 
from four additional specimens, including 
juveniles (Wild, 1978, 1994). Another 
specimen, designated as a different species 
(E. rosenfeldi), derives from the lower part 
of the Dolomia di Forni (Middle Norian) 
in Udine Province (Dalla Vecchia, 1995). 
Other contemporaneous taxa from Berga- 
mo Province include Peteinosaurus zam- 
bellii (represented by two specimens; 
Wild, 1978), also from the Zorzino lime- 
stones, and Preondactylus buffarinii 
(known from a single specimen; Wild, 
1984; Dalla Vecchia, 1998) from the Do- 
lomia di Forni. A compacted assemblage 
of pterosaur bones, interpreted as a gastric 
pellet, was referred to P. buffarinii by Dal- 
la Vecchia et al. (1989) principally on the 
basis of estimated limb length ratios. The 
specimen derives from a fossiliferous, 
Middle Norian zone in the Dolomia di 
Forni (Roghi et al., 1995), 150-200 m low- 
er in the section thet yielded the type of 
P. buffarinii (Dalla \ 'ecchia et al., 1989). 
Some pterosaurs of the Late Triassic al- 
ready had attained moderate size. Padian 
(1980) described a partial wing skeleton 
from a pterosaur with a wingspan of 1.5 m 
that he recognized was neither Eudimor- 
phodon nor Peteinosaurus. Wild (1984), in 
his description of the type of Preondacty- 
lus buffarinii, referred the wing skeleton 
to this taxon on the basis of phalangeal 
proportions, although the type of P. buf- 
farinü is smaller, with a wingspan estimat- 
ed at 45 cm (Wellnhofer, 1991) or “a little 
less than 50 em” (Dalla Vecchia, 1998: 
156(1): 15] 
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358). Adult Eudimorphodon ranzü had a 
wingspan of 1 m (Wild, 1978). 

Here we describe a tiny pterosaur, 
which we interpret as a young individual 
of a new species of Eudimorphodon, with 
an estimated 24-cm wingspan, from the 
Late Triassic Fleming Fjord Formation, 
Jameson Land, East Greenland (Jenkins et 
al., 1994). 

The following abbreviations of institu- 
tional names are used: MCSNB, Museo 
Civico di Scienze Naturali, Bergamo; 
MCZ, Museum of Comparative Zoology, 
Harvard University, Cambridge, Massa- 
chusetts; MFSN, Museo Friulano di Storia 
Naturale, Udine; and MGUH, Geological 
Museum, University of Copenhagen. 


SYSTEMATIC PALEONTOLOGY 
Class Reptilia Laurenti, 1768 


Subclass Archosauria Cope, 1869 
Order Pterosauria Kaup, 1834 


Family Eudimorphodontidae Wellnhofer, 
1978 


Genus Eudimorphodon Zambelli, 1973 


Eudimorphodon cromptonellus new 
species 


Holotype. MGUH VP 3393 (MCZ field 
no. 13/91G; Fig. 1). 

Etymology. The specific epithet com- 
bines a patronym honoring A. W. Cromp- 
ton for his contributions to our under- 
standing of the evolution of vertebrate 
structure and function, with Latin -ellus, 
diminutive in reference to the small size 
of the type. 

Diagnosis. A very small pterosaur that 
sha. with Eudimorphodon ranzii (as di- 
agnosed by Wild, 1978: 179, and later 
emended by Wild, 1994: 97—102) a het- 
erodont dentition composed of uni-, tri-, 
and quinticuspid teeth (unknown in any 
other pterosaurian taxon); additionally, 
some teeth are quadricuspid. Eudimor- 
phodon rosenfeldi (Dalla Vecchia, 1995) 

so has quinticuspid teeth but the denti- 
tion is incompletely known. The tooth 
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count is estimated at 11 or 12 postpre- 
maxillary teeth, which is 14 or 15 fewer 
than the type of E. ranzii and three or four 
fewer than the number reconstructed for 
the Milano juvenile specimen of E. ranzii 
(Wild, 1978, figs. 25, 27). The tibia is rel- 
atively shorter than in any known ptero- 
saur (10496 of the femur); the ulna is rel- 
atively shorter than in most other ptero- 
saurs (11196 of the humerus; some speci- 
mens of Campylognathoides zitteli have 
comparable humero-ulnar proportions, see 
Table 2). As in the Milano juvenile, no ev- 
idence is found of the two enlarged, fang- 
like maxillary teeth situated beneath the 
ascending process that are characteristic of 
adult E. ranzii. Differs from the juvenile 
specimen (MCSNB 8950) referred to E. 
ranzii by Wild (1994) in that the metatar- 
sals are approximately 25% longer, where- 
as all other limb bone lengths are substan- 
tially shorter. The new taxon differs from 
E. rosenfeldi (Dalla Vecchia, 1995) in hav- 
ing a humerus that is shorter than the fe- 
mur. 

Horizon and Locality. Lower part of the 
Carlsberg Fjord beds in the @rsted Dal 
Member of the Fleming Fjord Formation, 
Scoresby Land Group, Jameson Land, East 
Greenland. On the southern flank of Mack- 
night Bjerg (Geodætisk Instituut, Grønland 
series 1:250,000, Carlsberg Fjord Quadran- 
gle), a (lcs si bone assemblage was dis- 
covered in 1989 by William W. Amaral at 

71°22.277'N, 29733.341"VV (the Macknight 
Bjerg quarry; the latitude and longitude co- 
ordinates given here, taken in 1995 by av- 
eraging multiple global positioning system 
readings to reduce anomalies due to drift, 
differ slightly from those reported by Jen- 
kins et al. (1994) based on a single reading 
from a hovering helicopter) Excavated in 
1991 and 1992. this locality presented a 
rich taphocoenosis of vertebrate remains, 
predominantly the plagiosaurine Gerro- 
thorax cf. pulcherrimus but also the capi- 
tosaur Cyclotosaurus cf. posthumus (Jen- 
kins et al., 1994). In addition to the ptero- 
saur, the only other associated skeletal ma- 
terial of a terrestrial tetrapod found at this | 
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Figure 1. Stereophotographs of Eudimorphodon cromptonellus (MGUH VP 3393), new species, preserved in two matrix blocks 
(A, see Fig. 3 for details; B, see Fig. 2). 
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site was that of a ?lepidosauromorph rep- 
resented by a partial postcranial skeleton 
and lower jaws. 

Age. Late Triassic (PNorian—Rhaetian) 
(Jenkins et al., 1994: Clemmensen et al., 
1998). 

Material. A fairly complete but largely 
disarticulated and partly crushed skeleton. 
Identifiable cranial bones include both 
mandibles and maxillae, as well as a nasal, 
lacrimal, jugal, quadrate, and squamosal. 
Other cranial elements are too damaged to 
offer a basis for useful description. Post- 
cranial remains include numerous cervical 
and dorsal vertebrae (most neural arches 
are disassociated from centra), several cau- 
dal vertebrae, and rib fragments. Appen- 
dicular elements include the right scapula; 
a partial coracoid; the right humerus, ra- 
dius, ulna, fourth metacarpal, and wing 
phalanges; both femora, a tibia, and a fib- 
ula; metatarsals; and numerous pedal pha- 
langes. 

Comments. 'The specimen was discov- 
ered in the process of splitting coarsely 
bedded matrix in the Macknight Bjerg 
quarry; parts of the skeleton are thus pre- 
served on part and counterpart blocks 
(Figs. 1—3). Postmortem tissue maceration 
resulted in disarticulation of most of the 
bones, but transport was minimal and 
some natural associations are preserved 
(skull, cervical vertebrae, right manus, 
right hind limb). 


DESCRIPTION 
Skull 


Maxilla. The right maxilla (Figs. 2, 4), 
largely complete except for some damage 
to its rostral and caudal ends, is 13.5 mm 
in length. A posteriorly recurved ascending 
process is preserved, which in Eudimor- 
phodon ranzii separates the antorbital fe- 
nestra from the external naris (Wild, 1978, 
fig. 1). The maxilla bears 11 teeth with an 
apparent diastema between the third and 
fourth. The diastema, which is situated an- 
teroventral to the ascending process of the 
maxilla approximately in the locus of the 
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enlarged fanglike teeth of adult E. ranzii 
(Wild, 1978, fig. 25b), shows no evidence 
of alveoli. The last seven teeth are poste- 
rior to the ascending process of the max- 
illa. The left maxilla (in medial aspect, Fig. 
2), partly overlain and obscured by the 
right maxilla, is fractured and deformed 
but is complete posteriorly where it lies in 
contact with the jugal. Nine teeth are pre- 
sent, but most are incompletely preserved; 
a gap (?diastema) between the fourth (in 
the process of eruption) and fifth is suffi- 
cient to have accommodated three tooth 
positions. 

Other Cranial Bones. Most cranial 
bones are obscured by postmortem col- 
lapse, crushing, and disarticulation of the 
skull. However, a few can be identified, 
but offer little detail that warrants further 
description beyond that illustrated (Figs. 
2, 3). Crushed bone superorostral to the 
anterior ends of the maxillae represents 
part of the right nasal, and possibly the 
posterior part of the premaxilla. No evi- 
dence is found of premaxillary teeth. The 
slender right lacrimal lies behind the as- 
cending process of the maxilla. The jugal 
is represented by a postorbital process. 
Both the right squamosal and quadrate lie 
separate from the skull. The squamosal has 
a deep notch that represents the superior 
border of the inferior temporal fenestra. 
The quadrate bears a large, bulbous artic- 
ular condyle. 

Dentition. The teeth are buccolingually 
narrow and vary in mesiodistal length from 
0.42 to 1 mm. The relatively simple, uni- 
cuspid mesial teeth, exemplified by the 
most mesial tooth preserved in the right 
maxilla (Fig. 4) and left mandible (Fig. 2), 
are the smallest (0.42, 0.48 mm in length, 
respectively); the mesial crest that de- 
scends from the apical cusp is slightly 
more convex than the distal crest. The re- 
mainder of the dentition comprises mul- 
ticusped teeth structurally similar to those 
of Eudimorphodon ranzii (Wild, 1978) but 
unlike that in any other known pterosaur. 
The enamel is smooth and without surfi- 
cial grooves; Wild (1978, fig. 28) regarded 
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the textural difference in enamel among 
specimens of E. ranzii as ontogenetic 
(adults possess grooves that run apicobas- 
ally; juveniles lack them). Accessory cus- 
pules are developed along the mesial and 
distal crests descending from the primary, 
or apical, cusp; comparable to the vari- 
ability illustrated by VVild (1978, fig. 7) for 
the Milano juvenile specimen of E. ranzii, 
teeth may bear a single accessory cuspule 
(along the distal crest), or two, three, or 
four cuspules. Mesial teeth (ranging in 
mesiodistal length from 0.54 to 0.78 mm) 
tend to be tricuspid, with the accessory 
cuspules situated at the mesial and distal 
base of the crown. Teeth in the distal part 
of the row (ranging in mesiodistal length 
from 0.83 to 1.08 mm) tend to be quinti- 
cuspid. Accessory cuspules, particularly 
the basal ones, tend to be oriented in pal- 
mate fashion, splaying from the central 
(apical) axis; in adult E. ranzii, cuspules 
either parallel the central axis or converge 
slightly (Wild, 1978, fig. 8). One tricuspid 
tooth illustrated by Wild (1978, fig. 7) of a 
juvenile E. ranzii (the Milano specimen) 
exhibits a similar splaying of accessory cus- 
pules. 

Eleven teeth are present in the left 
mandible (nine shown in Fig. 3; the two 
most distal in Fig. 2). The most mesial, 
unicuspid tooth is followed by a bicuspid 
(with a minute accessory cuspule on the 
distal crest). Most of the remaining left 
mandibular teeth, insofar as preserved, ap- 
pear to be tricuspid, with the exception of 
the penultimate, which is quinticuspid. 

The 11 teeth of the right mandible, bet- 
ter preserved than those of the left, all ex- 
hibit three or more accessory cuspules; the 
mesial dentition appears to be unrepre- 
sented because there are no uni- or bicus- 
pid teeth. The most mesial tooth bears two 
accessory cuspules mesially, and at least 
one distally (the basal part of the crown, 
where a second distal cuspule would be 
positioned, is obscured by the next over- 
lying tooth). The second tooth is tricuspid. 
The third tooth is at least quadricuspid: 
the obliquity of its position in the alveolus 
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possibly conceals a second distal accessory 
cuspule at the base of the crown. The 
fourth tooth, in the process of eruption, 
displays three cusps, but the basal mesial 
and distal cuspules, if present, would be 
obscured. The fifth tooth has two acces- 
sory cuspules mesially, but only one dis- 
tally. Of the six most distal teeth, all appear 
to be quinticuspid, except for the relatively 
small eighth tooth (mesiodistal length, 
0.45 mm), which appears to be tricuspid. 

The 11 teeth of the right maxilla (Fig. 
4) are the best preserved of the entire den- 
tition. A diastema between the third and 
fourth teeth is evidence that the maxillary 
tooth count could have been 12 or more. 
The most mesial tooth is unicuspid and 
relatively small (mesiodistal length, 0.42 
mm); the second also appears to be uni- 
cuspid, but the third is clearly tricuspid 
(respective lengths, 0.54, 0.72 mm). The 
remaining eight teeth (4th-11th) vary in 
mesiodistal lengths from 0.8 to 1 mm, with 
the exception of the most distal tooth (0.6 
mm). The fourth and very probably the 
fifth are quinticuspid. However, the sixth 
and seventh are quadricuspid, with a sin- 
gle accessory cuspule on the distal crest of 
the sixth and mesial crest of the seventh. 
The 9th is tricuspid, the 10th quinticuspid, 
and the most distal a small tricuspid. As in 
the smaller, Milano juvenile specimen of 
Eudimorphodon ranzii (Wild, 1978, figs. 
25, 27), no evidence is found of the two 
enlarged, fanglike maxillary teeth situated 
beneath the ascending process that are 
characteristic of adult E. ranzii. Few of the 
10 left maxillary teeth preserve any details 
of the crowns; the fifth, sixth, and seventh 
are certainly quinticuspid. 

A definitive tooth count cannot be as- 
certained because of postmortem damage; 
neither the premaxillary teeth, nor the 
fanglike, mesialmost teeth of the lower jaw 
known in presumably ontogenetically old- 
er specimens of Eudimorphodon ranzii are 
preserved. Nonetheless, the tooth counts 
in both maxillae and both mandibles are 
sufficiently comparable to estimate 11 or 
12 postpremaxillary teeth, two to three 
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Figure 4. Lateral view of the right maxilla of Eudimorphodon cromptonellus (MGUH VP 3393), new species. 


fewer than the number reconstructed for 
the Milano juvenile (Wild, 1978, figs. 25, 
207 


Postcranial Skeleton 


Vertebrae. Approximately six cervical, 
eight dorsal, one ?sacral, and one (possibly 
two) caudal vertebrae are represented. 
However, postmortem disturbance consid- 
erably obscures vertebral details. Although 
some vertebrae are more or less associated 
in a series, most are disarticulated from 
one another. Furthermore, in most cases 
the neural arches and centra themselves 
are disarticulated; the only complete ver- 
tebra is an elongate midcaudal (Fig. 3; 
centrum length 5.7 mm: overall length, 7.6 
mm). Reconstruction is further hampered 
by the overlap of bones that have collapsed 
one on the other. Of the eight isolated cen- 
tra that appear undistorted and are suffi- 
ciently exposed for measurement, all are 
of uniform length (1.7-1.75 mm). The 
most complete neural arch (Fig. 3), which 
is isolated, is 1.6 mm in length (including 


the small pre- and postzygapophyses), 
lacks transverse processes, has a neural ca- 
nal width of 1.25 mm, and has a spinous 
process height of 0.8 mm. The arch’s lack 
of transverse processes and relatively re- 
stricted neural canal, considered with its 
proximity to the hind foot and a midcaudal 
vertebra, are evidence that the element is 
derived from the proximal caudal series. 
Two neural arches (also separated from 
their respective centra; Fig. 2) are inter- 
preted as representing dorsal vertebrae by 
virtue of their association with elements of 
the shoulder girdle and the presence of 
transverse processes (approximately 1 mm 
in length) that project horizontally from 
the junction of the laminae and pedicles. 
The breadth of the neural canal is 1.5 mm 
in the smaller, and 2.25 mm in the larger 
specimen; likewise, the respective distanc- 
es between the distal ends of the trans- 
verse processes are 4.l and 4.75 mm. 
However, these measurements are only 
approximate because of slight postmortem 





TRIASSIC PTEROSAUR FROM GREENLAND * Jenkins et al. 


displacement between the left and right 
halves of the arches. 

Shoulder Girdle. A dissociated scapula 
and partial coracoid are the only shoulder 
elements preserved. The evidence of a 
sternum is equivocal. A comminuted, 
sheetlike expanse of bone associated with 
the humeral head (?st, Fig. 3) may be ster- 
nal, and at one end is a process that re- 
sembles a cristospine. The coracoid (pre- 
sented in medial aspect, Fig. 2) is 6.5 mm 
long as preserved, but the sternal end has 
disintegrated beneath vertebral remains. 
The acrocoracoid process is partly visible. 
The scapula (in dorsomedial aspect, Fig. 
2) is 12.6 mm in length as preserved; deg- 
radation of the caudal end of the blade 
raises the likelihood of somewhat greater 
length (at least 13 mm). 

Forelimb. The right humerus, 18.2 mm 
long, has a slightly sigmoidal, dorsoventral 
curvature; the proximal end as a whole is 
reflected dorsally, and the distal end is re- 
flected ventrally. The deltopectoral crest is 
subtriangular, comparable to that in juve- 
nile Eudimorphodon ranzii but unlike the 
shape in adults, which is quadrangular 
(Wild, 1978, fig. 29). The humeral head is 
oriented dorsally, and possesses the typi- 
cally pterosaurian sellar shape (Padian, 
1983). The diaphysis at midshaft, which is 
slightly flattened, is 1.4 mm in width. The 
distal end, 3.3 mm in width, lacks cortical 
bone; radial and ulnar condyles are not 
distinct. 

The right radius and ulna (Fig. 3; esti- 
mated lengths, 19.5 and 20.1 mm, respec- 
tively) lie approximately parallel to each 
other. The proximal shaft of the ulna is 
crushed; the proximal shaft of the radius 
is broken, with the fragmented ends over- 
lapping. Much of the distal ulnar and ra- 
dial shafts lie beneath the humerus, pos- 
terior skull, and other bones. The proximal 
end of the ulna overlaps that of the radius; 
neither is well preserved in this region. 
The distal ulna, preserved in lateral view, 
exhibits a bicondylar, typically pterosaurian 
shape, and the distal radius has the char- 
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acteristic ventral process that broadens the 
articulation with the proximal carpals. 

Metacarpals and manual phalanges lie 
beneath the distal ends of the radius and 
ulna and the adjacent jaw. The right fourth 
or wing metacarpal (8.4 mm length) is pre- 
sented in medial view (R.mc 4, Fig. 3). 
The well-ossified distal articular surface is 
bicondylar (Fig. 5A), unlike the trochlear 
form that is conventional among ptero- 
saurs (Fig. 5B). However, as in other 
pterosaurs, the dorsal (=extensor side) 
condyle has a radius of curvature greater 
than that of the ventral (=flexor side) con- 
dyle. Metacarpal I (5.6 mm length) lies 
parallel to IV (Fig. 3). In most pterosaurs 
these two bones are nearly equal in length 
(I is slightly shorter than IV), whereas in 
this specimen metacarpal I is only 67% of 
IV, comparable to the ratio that can be es- 
timated for the adult holotype of Eudi- 
morphodon ranzii (MCSNB 2888; Wild, 
1978, fig. 17). Metacarpals I and IV are 
separated by a phalanx (2.7 mm) and two 
incomplete elements (3.8 and 3.9 mm) 
that are probably also phalanges (Fig. 3). 
The third metacarpal (8.3 mm), which lies 
beneath the adjacent jaw, overlies another 
metacarpal (here interpreted as a right 
metacarpal II; 7.4 mm length; R.mc 2, Fig. 
3) that became fully exposed when meta- 
carpal IV was removed. Associated with 
these bones is a small, rounded, flat bone 
that may be a distal carpal. No manual 
claws are evident. 

Parts of a proximal (first) wing phalanx 
are associated with the distal end of a wing 
metacarpal on one block (Fig. 3) and the 
posterior end of the skull on the counter- 
part block (Fig. 2). The bone was broken 
when the matrix containing the entire 
specimen was first cleaved during quarry- 
ing. Mid-diaphyseal diameter is 1.1 mm, 
but the shaft broadens at both ends; the 
shaft closest to the occiput (presumably 
the distal end) has a diameter of about 2 
mm. As preserved, the restored length of 
the bone is 12.2 mm. However, cross-sec- 
tional diameters of the two broken ends 
differ (1.56, 1.05 mm versus 1.1, 0.9 mm), 


160 


Bulletin Museum of Comparative Zoology, Vol. 156, No. 1 





Figure 5. The distal end of right metacarpal IV of (A) Eudimorphodon cromptonellus, new species, and (B) Rhamphorhynchus 
sp. (after VVelinhofer, 1975a, fig. 13c) in distal (above) and medial, or ulnar, views. Not to scale. 


and thus a diaphyseal section appears to 
be missing. The other proximal wing pha- 
lanx overlies the humeral head and is com- 
plete (18 mm length) although broken at 
midshaft and crushed distally (Fig. 3). 
Other wing phalanges are identified on 
the basis of the dimensions of their artic- 
ular ends. A second wing phalanx (20.5 
mm length) lies behind the skull (Fig. 2); 
the breadth of the proximal and distal ends 
are respectively 1.5 and 1.2 mm. The prox- 
imal half of the other second wing phalanx 
protrudes from beneath the metatarsals 
(Fig. 3); its proximal end (1.35 mm 
breadth) contacts the distal end of a prox- 


imal wing phalanx. The proximal two 
thirds of a third wing phalanx (Fig. 2) is 
tentatively identified on the basis of the 
breadth of its proximal end (1.15 mm). 
Several fragmentary bones may represent 
fourth wing phalanges, but are too incom- 
plete to assess. 

Hind Limb. Both femora are preserved 
in close association (Fig. 3). The complete 
right femur (19.7 mm length) is presented 
in dorsolateral view, with only the distal 
end partially obstructed by overlying bone. 
The left femur, represented by the diaph- 
ysis and distal end (fragment length, 15.75 
mm), was removed for histologic exami- 
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nation (see below), as was another frag- 
ment (length, 4.5 mm), possibly repre- 
senting the proximal end. Some distortion 
of the femora is apparent, but nonetheless 
both preserve indications of the curvature 
(i.e., dorsal deflection of the proximal end, 
and lateral deflection of the distal end) 
that is characteristic of pterosaurs and di- 
nosaurs (Padian, 1986). The proximal end 
expands into a distinct head that is slightly 
upturned and inflected medially; a plane 
normal to the broadly convex articular sur- 
face would intersect the longitudinal axis 
of the shaft at about 45?. The distal end of 
the femur bears two contiguous condyles 
separated only by a slight sulcus; the larger 
medial condyle is more hemispheroidal in 
comparison to the ovoid, less convex lat- 
eral condyle. 

A tibia is preserved, and a fibula is ten- 
tatively identified (Fig. 3). Unlike the con- 
dition in adult Eudimorphodon ranzii 
(Wild, 1978: 214) and most pterosaurs, no 
tibiofibular synostosis is apparent; the 
bones have been completely separated 
postmortem. The right tibia, contiguous 
with the distal end of the right femur, is 
complete, although its proximal end lies 
beneath vertebrae. The length of the ex- 
posed bone is 19 mm; inasmuch as a prox- 
imal expansion is evident, the extent of the 
obscured part is probably no more than 1— 
2 mm, giving an estimated length of 20.5 
mm. The narrowest diameter of the cylin- 
drical shaft is 1.1 mm. Distally the tibia is 
expanded (2.3 mm width) to support an 
astragalar facet that is set transversely to 
the shaft. Identification of the fibula, usu- 
ally established on the basis of tibial asso- 
ciation, cannot be made unambiguously in 
the present specimen. The presumed fib- 
ula (fi, Fig. 3) is incomplete; as preserved, 
the bone is 13.8 mm in length (and thus 
longer than the closely associated metatar- 
sals). The Pproximal end diameter is 1.3 
mm. A displaced fragment near its ?distal 
end, if fibular, would indicate an overall 
fibular length of about 15 mm. 

No tarsal bones can be identified, with 
the possible exception of a medial distal 
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tarsal associated with the phalanges of 
Pdigit V (Fig. 3). However, four complete 
but disarticulated metatarsals are pre- 
served among the hind limb bones (Fig. 
3). Midshaft diameters vary from 0.4 to 0.5 
mm. The distal ends, adjacent to pedal 
phalanges, bear articular surfaces that are 
relatively flat, as in Dimorphodon wein- 
traubi (Clark et al., 1998). The lengths of 
the metatarsals (12, 11.35, 11.25, and 10.5 
mm) would correspond to the relative pro- 
portions of the second, third, first, and 
fourth metatarsals in the juvenile speci- 
men of Eudimorphodon ranzii (MCSNB 
8950 B) described by Wild (1994) in which 
H > III > I > IV In pterosaurs generally, 
either metatarsal II or III is the longest 
(Wellnhofer, 1978). The series of four 
metatarsals in the Greenlandic specimen 
may represent bones from different feet, 
and the identifications here are suggested 
on the basis of relative lengths. Specimen 
MCSNB 8950 B is in every comparable 
feature a larger individual than the Green- 
landic form except in metatarsal lengths, 
which are (I) 8.1 mm, (11) 8.85 mm, (III) 
8.6 mm, and (IV) 7.4 mm (Wild, 1994, fig. 
4), 
At least 15 disarticulated pedal phalan- 
ges, including a claw, are preserved in the 
region of the metatarsals. Inasmuch as 
there are primitively only 12 nonungual 
phalanges in a pterosaur foot (excepting 
pterodactyloids, which have only 10), the 
probability that elements of both feet are 
comingled is increased still further. 


DISCUSSION 


The Greenlandic pterosaur is smaller 
than any known individual of Eudimor- 
phodon or any other Triassic pterosaur 
(Table 1); only some small (ostensibly ju- 
venile) specimens of Pterodactylus spp. 
are of comparable size (Wellnhofer, 1970). 
However, a precise, quantitative compari- 
son of size is limited by disarticulation, and 
especially the lack of any reliable indica- 
tion of axial length. Although the speci- 
mens of Eudimorphedon with which the 
Greenlandic form may be compared are 
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articulated, none is complete and the 
lengths of some limb elements can only be 
estimated. Nonetheless, the size range 
represented by the available sample of Eu- 
dimorphodon may be approximated by 
summing the lengths of the humerus, ulna, 
metacarpal IV, wing phalanx 1, femur and 
tibia (X h + ...t, Table 1). By this index, 
MGUH VP 3393 is one-third the size of 
the type and largest specimen of E. ranzii, 
and two-thirds the size of two juvenile 
specimens (Fig. 6). 


Taxonomic Assignment 


The distinctive dentition in MGUH VP 
3393 offers secure evidence on which to 
assign the specimen to the genus Eudi- 
morphodon, but allocation to a known spe- 
cies is problematic. Conspecificity with E. 
ranzii appears improbable on the basis of 
two proportional disparities. First, the 
lengths of the metatarsals in the juvenile 
E. ranzii (MCSNB 8950 B) described by 
Wild (1994) from Ponte Giurino are on 
the order of 2596 shorter than those in 
MGUH VP 3393 (Table 1), although al- 
most all other long bone lengths indicate 
that MCSNB 8950 is larger (Fig. 6). Al- 
though the Ponte Giurino Eudimorphodon 
lacks a skull, Wild (1994: 112-115) ex- 
pressed confidence in referring the speci- 
men to E. ranzii based primarily on the 
close correspondence of limb bone lengths 
and proportions to those of the Milano ju- 
venile. Second, femoral lengths in the 
Greenlandic specimen and the two juve- 
nile but larger E. ranzii are essentially the 
same (Table 1), with the improbable im- 
plication for conspecificity that all long 
bones, except the femur, increased in 
length during early development. 

Differences in limb proportions obviate 
the possibility that the Greenlandic ptero- 
saur might be an immature conspecific of 
Eudimorphodon | rosenfeldi. Eudimorpho- 
don rosenfeldi, decribed by Dalla Vecchia 
(1995) on the basis of a single, smaller 
specimen than the type of E. ranzii, was 
differentiated in part from E. ranzii by the 
comparable lengths of the tibia and ulna, 
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and the greater length of the tibia relative 
to the humerus; these proportions are 
more or less shared by the Greenlandic 
specimen (Table 1). However, unlike the 
condition in E. rosenfeldi, the humerus is 
shorter than the femur in the Greenlandic 
specimen, a primitive condition known 
among pterosaurs only in Preondactylus 
buffarinii (Dalla Vecchia, 1998, table 5). 
Furthermore, the hypothesis that the 
Greenlandic specimen is an immature E. 
rosenfeldi entails seemingly improbable al- 
lometrie reversals in comparison to those 
known in congeners. In E. ranzii, the hu- 
meral/femoral index decreases from juve- 
nile to adult stages (from about 13596 to 
11596; Table 2), but the same index in- 
creases when the Greenlandic specimen 
(9296) and E. rosenfeldi (10996) are com- 
pared. A comparable reversal is seen in the 
ulnar/femoral index (Table 2). Finally, the 
femoral/tibial index in E. ranzii increases 
slightly from juvenile to adult stages, 
whereas an approximately 3096 decrease 
occurs in the same index betveen MGUH 
VP 3393 and E. rosenfeldi (Table 2). 


Assessment of Ontogenetic Stage 


Various criteria have been employed to 
differentiate immature from adult ptero- 
saurs: relative body size, degree of ossifi- 
cation, and osteometric ratios (Wellnhofer, 
1970, 1975a-c); synostosis, epiphyseal os- 
sification, and bone histology (Bennett, 
1993); and a combination of morphomet- 
ric and histologic features (Padian et al., 
1995). 

Insofar as these criteria may be applied, 
the Greenlandic pterosaur would appear 
to be neither a hatchling nor an adult, and 
is most probably a juvenile. The lack of 
intracranial fusion, as well as the lack of 
synostosis between vertebral arches and 
centra, and between scapula and coracoid, 
are indicative of a preadult stage. The di- 
minutive size of the individual is sugges- 
tive of immaturity, but not conclusive. The 
limb proportions may be interpreted as 
ontogenetically immature, or phylogeneti- 
cally primitive, or both. In the series of 
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Pterodactylus spp. studied by Wellnhofer 
(1970), juveniles generally possess more 
comparable humeralradial and femoral 
tibial lengths than do adults. Although the 
limb proportions of the Greenlandic 
pterosaur represent the juvenile end of 
this allometric spectrum, these propor- 
tions are also intermediate between vari- 
ous basal pterosaurs and nonpterosaurians 
(Table 2). 

Histologic sections of the the left femur 
yielded less than definitive results because 
of extensive diagenetic alteration and re- 
sultant artifacts. As in pterosaurs and 
birds, the diaphyseal cortex is thin (about 
15-20% of shaft diameter). The wide med- 
ullary cavity, infilled with calcite, shows no 
trace of trabecular projections that have 
been identified in chelonian, crocodilian, 
and dinosaurian embryos (Horner et al., 
2001). The bone cortex is mostly parallel 
fibered, with only indistinct indications of 
localized lamellar deposition; the osteocy- 
tic spaces are variably distributed. No fea- 
tures are present that might be expected 
in an embryo or rapidly growing neonate, 
nor are indicators present of growth stasis 
and maturity. The parallel-fibered matrix 
differs from the fibrolamellar architecture 
known in later pterosaurs, which has been 
interpreted as indicative of rapid growth 
(Bennett, 1993). Vascular canals are nearly 
all longitudinally oriented; the canals ap- 
pear to be primary, but no evidence is pre- 
sent of primary osteonal development. "The 
bone is less vascularized than that of em- 
bryonic and hatchling dinosaurs, and is 
more comparable to that in hatchling alli- 
gators (see Horner et al., 2001). Longitu- 
dinal sections through the epiphysis reveal 
endosteo-endochondral trabeculae, most 
of which are diagenetically altered to ghost 
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images: evidence of calcified cartilage is 
preserved in a fevv areas. Although no 
trace is found of a subchondral bone plate 
or transphyseal canals, a delineation is vis- 
ible between the diaphyseal and epiphy- 
seal-metaphyseal regions. Histology thus 
provides primarily negative evidence with 
which to assess the ontogenetic stage of 
the Greenlandic pterosaur. 


Appendicular Proportions 


Certain appendicular proportions of the 
tiny Greenlandic form lie within the range 
known among other pterosaurs (Table 2). 
The humerus is slightly shorter (9396) than 
the femur, a condition unusual among 
pterosaurs: comparable proportions are 
known only in Preondactylus buffarinii 
(Dalla Vecchia, 1998, table 5) and in Pter- 
odactylus antiquus, P. suevicus, and P. mi- 
cronyx (Wellnhofer, 1970; see Bennett, 
1996, for a taxonomic reallocation of P. 
suevicus to the genus Cycnorhamphus). In 
both juvenile and adult Eudimorphodon 
ranzii as well as in other pterosaurs, these 
proportions are reversed. In other appen- 
dicular proportions the Greenlandic ptero- 
saur is distinctive (Table 2). Relative to the 
humerus or femur, the ulna is shorter than 
in any known pterosaur. Similarly, relative 
to the femur, the tibia is shorter than in 
any known pterosaur Among pterosaurs, 
the Greenlandic pterosaur is distinctive in 
having the relative lengths of brachium to 
antebrachium, and femur to crus, both 
nearly equal. 

The length of the metatarsus also ap- 
pears to be unusual. Metatarsals in the 
Greenlandic pterosaur vary from 132 to 
15696 of the lengths represented in a ju- 
venile eudimorphodontid (MCSNB 8950 


B), which is particularly notable because 





Figure 6. Limb proportions of the adult, type specimen of Eudimorphodon ranzii (MCSNB 2888), top, compared with a juvenile 
E. ranzii (MCSNB 8950), middle, and E. cromptonellus, new species (MGUH VP 3393), bottom. The limbs are positioned in the 
same transverse plane to permit graphic illustration of the relative lengths of the long bones; no postural or kinematic represen- 
tation is intended. Data on E. ranzii are from Wild (1978, 1994). Appendicular bone lengths are estimated for the metatarsus of 
MCSNB 2888; the wing phalanges distal to the break in the proximal wing phalanx of MCSNB 2888; and the first and fourth 


wing phalanges of MGUH VP 3393. 
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TABLE 2. LIMB SEGMENT PROPORTIONS. DATA FROM (A) EWER, 1965; (B) SERENO AND ARCUCCI, 1994; (C) 


PADIAN, PERSONAL OBSERVATION; (D) DALLA VECCHIA, 1998; (E) WILD, 1978; (F) WILD, 1994; (G) DALLA 
VECCHIA, 1995; (11) UNWIN, 1988, AND PADIAN, PERSONAL OBSERVATION (I) WELLNIIOFER, 1978, AND Pa, 
DIAN, PERSONAL OBSERVATION. 





Humerus/ Humerus/ Femur/ Ulna/ Humerus/ 
femur ulna tibia femur tibia 
N (%) (%) (%) (%) (%) 
Euparkeria capensis 1 68 112 117 60 po 
(a) 
Marasuchus lilloensis 1 69 107 80 64 55 
(b) 
Scleromochlus taylori T 62 91 93 69 57 
(c) 
Eudimorphodon cromptonellus, 1 g2 90 96 102 89 
new species, MGUH VP 3393 
Preondactylus buffarinii, 1 98 76 74 129 73 
MFSN 1770 (d) 
Peteinosaurus zambellii, 1 104 80 76 130 79 
MCSNB 3359 (e) 
Eudimorphodon ranzii, 1 137 74 76 184 104 
juvenile, Milano specimen (e) 
Eudimorphodon ranzii, 1 133 78 dü 171 102 
juvenile, MCSNB 8950 (5) 
Eudimorphodon ranzii, 1 115 va) 82 159 94 
adult, type, MCSNB 2888 (e) 
Eudimorphodon rosenfeldi 1 109 74 68 149 75 
MFSN 1797 (g) 
Dimorphodon macronyx 1—5 104—109 TT 64-72 130-134 67-75 
(h) 
Dorugnathus banthensis 15 120-138 59-71 65-81 191-210 82-105 
(i) 
Campylognathoides liasicus 6 123-141 18-86 75-94 153-169 100-132 
(i) 
Campylognathoides zitteli 1-2 108 85-94 74 126 80-100 
(i) 





every other limb dimension (with the ex- 
ception of femoral length) indicates that 
MCSNB 8950 is a larger animal (Table 1; 
Fig. 6). Similarly, even the shortest meta- 
tarsal of the Greenlandic pterosaur (ca. 11 
mm) is longer than the longest metatarsals 
of Pterodactylus specimens that, in other 
limb dimensions, appear to be otherwise 
comparably sized or even larger (P. ele- 


metatarsal lengths are greater (10596, 
12996, respectively). The Greenlandic 
form is even more exceptional, having 
metatarsals that average 14196 of metacar- 
pal IV length. 

Wild (1 978) interpreted Peteinosaurus 


zambellii as the most primitive pterosaur 


then known on the basis of the relative 
shortness of the wing compared to the 


gans, no. 49, 7.8 mm: P. elegans, no. 12, length of the hind limb. Wild (1984: 54) 
9.5 mm; P micronyx; no. 49. 8.8 mm; later cited various limb segment ratios in 


Wellnhofer, 1970, fig. 19). In most ptero- 
saurs, the average length of metatarsals I— 
IV is less than that of metacarpal IV. Ex- 
ceptions are Peteinosaurus zambellii 
(Wild, 1978, pl. 14) and Campylognathoi- 
des zitteli (Plieninger, 1895: 216-217; 
Wellnhofer, 1978: 38), in which average 


support of his observation that Preondac- 
tylus buffarinii is unique among ptero- 
saurs for an unproportionally long 
hind-limb," and a wing that is 00002 
narily dh More recently, a reanalysis of 
Pr. buffarinii led Dalla Vecchia (1998: 365) 
to conclude that Pe. zambellii, Pr. buffar- 
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inii, and Dimorphodon macronyx are 
*probably the most primitive of all known 
pterosaurs.” Direct comparison of these 
taxa with tlie Greenlandic pterosaur is lim- 
ited because the fourth wing phalanx in 
MGUH VP 3393 is unknown, and the 
lengths of various phalanges can only be 
estimated. Nonetheless, a restricted com- 
parison may be made on the basis of 
summed lengths of the propodial, meso- 
podial, and metapodial elements (X hu- 
merus + ulna + metacarpal IV/Z femur + 
tibia average metatarsal length). The 
proportionate lengths of the proximal fore- 
limb to proximal hind limb, thus defined, 
are 9096 in the Greenlandic pterosaur, 
95% in Pr buffarinii, and 100% in Pe. 
zambellii. In D. macronyx the proportion 
is 104%, in Campylognathoides liasicus 
13496, in juvenile Eudimorphodon ranzii 
and Dorygnathus banthensis 13096, but in 
Campylognathoides zitteli, with its unusu- 
ally short hind limb, 94%. 


The Pterosaurian Wingbeat Cycle 


Most reconstructions of pterosaurs in 
flight depict the wings fully extended in a 
position that is suggestive of soaring, al- 
though general agreement exists that all 
except the largest pterosaurs were capable 
of sustained, flapping flight. The only at- 
tempt to illustrate the excursion of an en- 
tire wing is by Wellnhofer (1991: 153), but 
his diagram of a pterodactyloid only de- 
picts the downstroke, and shows major 
flexion at the wrist and little at the meta- 
carpophalangeal joint. Subsequently, Pa- 
dian and Rayner (1993: 143, fig. 13C) sug- 
gested that the pterosaurian “. . . metacar- 
pophalangeal joint is ideally adapted for 
sweeping the wingtip during the upstroke 
in a movement analogous to that in birds. 
With their long, thin wings the pterosaur 
wingbeat would have appeared very simi- 
lar to that of long- -winged birds such as 
gulls or albatrosses. 

As a first-order approximation, an avian 
model of a pterosaurian wingbeat cycle 
fulfills fundamental aerodynamic require- 
ments: upon downstroke the wing is fully 
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extended to promote maximum thrust, and 
during upstroke the effective wingspan is 
shortened. Nonetheless, the analogy is 
linited by anatomical differences. Birds 
possess a multiaxial carpometacarpal joint 
complex with numerous degrees of free- 
dom and movement possibilities (Vazquez, 
1992). Reduction of aerofoil drag of the 
distal wing during upstroke in birds may 
be further promoted by a rotation of the 
feathers that opens slots between them 
(the valve function of Norberg, 1985), or 
by a closure of the imbricating fan of 
feathers. The fiber-stiffened distal patagi- 
um of pterosaurs (i.e., distal to the meta- 
carpophalangeal joint; Padian and Rayner, 
1993; see also Unwin et al., 1993) has no 
comparable intrinsic mechanisms for 
changes in shape, and thus shortening ef- 
fective wingspan would appear to be the 
only alternative mechanism for reducing 
aerofoil drag during upstroke. The joint 
that permits the largest range of excursion 
is the metacarpophalangeal joint. Howev- 
er, the pterosaurian metacarpophalangeal 
joint is a uniaxial joint, with one degree of 
freedom; the asymmetrical form of this 
joint, which entails a screwlike motion 
(Wellnhofer, 1978), provides for radial de- 
viation of the wing finger upon wing ex- 
tension, and ulnar deviation and flexion 
upon wing folding. 

'The bicondylar form of the metacarpo- 
phalangeal joint in Eudimorphodon 
cromptonellus appears to be intermediate 
between a primitive, unicondylar joint and 
the trochlear form of later pterosaurs. This 
spectrum of joint configurations represents 
increasing mechanical stability, consonant 
with the interpretation that the joint was 
actively employed in flapping flight. As in 
other pterosaurs, the joint in Eudimorpho- 
don cromptonellus is structurally asym- 
metric: the dorsal condyle has a larger ra- 
dius of curvature, and a more extensive ar- 
ticular surface, than the ventral condyle 
(Fig. 5). However, the joint surfaces at 
their extensor end are evenly aligned. 
Thus, during the downstroke, the extend- 
ed distal wing (supported by the four pha- 
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Figure 7. Reconstruction of metacarpophalangeal (mp) joint function in Eudimorphodon cromptonellus, new species, during 
flapping flight. The wing, in dorsolateral view, is shown in an extended position during early downstroke and in a flexed position 
in early upstroke. The inset above depicts mp joint relations, disarticulated for illustrative purposes, in the extended (E) and 
flexed (F) positions. The axis of the mp joint in an extended position (e) is normal to the metacarpal shaft because of the 
symmetry of the condyles in this region; the proximal phalanx is thus aligned with metacarpal IV. The mp joint axis in a flexed 
position (f) is oblique to the metacarpal shaft because of condylar asymmetry, resulting in a slight rotation and flexion of the 
distal wing as the mp joint undergoes ulnar deviation. The excursion of the mp joint during the upstroke of flapping flight is 
consonant with the distribution of fibers as interpreted by Wild (1994: 109) for the congener £. ranzii (MCSNB 8950). Elongate, 
membrane stiffening fibers occur in the distal wing, whereas short fibers in the proximal wing allow flexibility. 
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langes) is aligned with the proximal wing 
(Fig. 7) because the joints axis at the ex- 
tensor end of the metacarpophalangeal 
joint is perpendicular to the plane of the 
entire wing (Fig. 7, top inset). VVere the 
metacarpophalangeal joint to be flexed 
during upstroke, the shift in the joint's axis 
(Fig. 7, top inset), which results from con- 
dylar asyınmetry, engenders a rotation and 
flexion of the distal wing out of the plane 
of the proximal wing. Thus, during up- 
stroke, the distal wing would be directed 
ventrally and somewhat everted (i.e., the 
ventral surface turned to face slightly lat- 
erally). On this interpretation, the trailing 
position of the distal wing relative to the 
proximal wing during the upstroke would 
be comparable to that seen in birds, but 
the rotation and flexion would seem 
uniquely pterosaurian. 
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